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Abstract 
$ ' WKHUPRPHFKDQLFDO PRGHO DLPHG WR UHSUHVHQW WKH EHKDYLRU RI 1LULFK XOWUDILQH JUDLQHG 1L7L ZLUHV XSRQ
SVHXGRHODVWLFF\FOLQJZDVGHYHORSHG7KHWKUHHPRUHVLJQLILFDQWIHDWXUHVDVVRFLDWHGWRWKHSVHXGRHODVWLFEHKDYLRURI1L7L
ZLUHV ZHUH WDNHQ LQWR FRQVLGHUDWLRQ IRU LWV IRUPXODWLRQ 7KHVH DUH WKH ORFDOL]HG FKDUDFWHU RI WKH VWUHVV LQGXFHG
WUDQVIRUPDWLRQZKLFKLVDFFRPSDQLHGE\WKHQXFOHDWLRQDQGSURSDJDWLRQRIDGLVFUHWHQXPEHURIWUDQVIRUPDWLRQIURQWVWKH
WKHUPDO HIIHFWV DVVRFLDWHG ZLWK WKH KHDW RI WUDQVIRUPDWLRQ DQG WKH &ODXVLXV&ODSH\URQ W\SH RI GHSHQGHQFH RI FULWLFDO
VWUHVVHVZLWKWHPSHUDWXUHWKHIXQFWLRQDOIDWLJXHHIIHFWVUHVXOWLQJLQWKHGHFUHDVHRIFULWLFDOVWUHVVHVDQGWKHDFFXPXODWLRQ
RISHUPDQHQWGHIRUPDWLRQGXULQJF\FOLQJ7KHPRGHODVVHVVHVWKHPHFKDQLFDOUHVSRQVHE\HYDOXDWLQJWKHORFDOFRQGLWLRQV
DWWKHGLIIHUHQWPRYLQJLQWHUIDFHVWKDWPLJKWEHSUHVHQWDWDFHUWDLQWLPH,WZDVLPSOHPHQWHGLQ0$7/$%DQGQXPHULFDO
VLPXODWLRQVKDYHEHHQIRXQGWRH[KLELWJRRGDJUHHPHQWZLWKH[SHULPHQWDOUHVXOWVREWDLQHGXQGHUVLPLODUFRQGLWLRQV,WLV
WKHUHIRUH FRQVLGHUHG WKDW WKH PRGHO KHUH SURSRVHG FRQVWLWXWHV D JRRG FRQFHSWXDOL]DWLRQ RI WKH FRPSOH[ SVHXGRHODVWLF
EHKDYLRURI1L7LZLUHVWKDWDOORZVUHSURGXFLQJWKHIXQGDPHQWDODVSHFWVRIDFWXDOREVHUYHGEHKDYLRUV

3XEOLVKHGE\(OVHYLHU/WG6HOHFWLRQDQGRUSHHUUHYLHZXQGHUUHVSRQVLELOLW\RIWK
,QWHUQDWLRQDO&RQJUHVVRQ0HWDOOXUJ\	0DWHULDOV6$0&21$0(7
1. Introduction 
6XSHUHODVWLFLW\ DOWHUQDWLYHO\ SVHXGRHODVWLFLW\ LV RQH RI WKH SDUWLFXODU EHKDYLRUV H[KLELWHG E\ WKH 6KDSH
0HPRU\$OOR\V 60$ ,Q WKLV FDVH D UHYHUVLEOH VROLG WR VROLGSKDVH WUDQVIRUPDWLRQEHWZHHQ DQ DXVWHQLWLF


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SKDVH$DQGDPDUWHQVLWLFSKDVH0LVLQGXFHGE\WKHDSSOLFDWLRQRIDPHFKDQLFDOORDG2WVXNDHWDO
$VWUHVVVWUDLQ FXUYHFKDUDFWHULVWLFRIDVXSHUHODVWLFF\FOHLQD1L7LZLUHLVLOOXVWUDWHGLQ)LJXUHD7KH
60$LQLWLDOO\LQSKDVH$LVHODVWLFDOO\VWUDLQHGXQWLODFULWLFDOVWUHVV $0LVUHDFKHGZKHUHDSKDVHWUDQVLWLRQ
IURP$WR0VWDUWVWRRFFXU)XUWKHUVWUDLQLQJLQFUHDVHVWKHDPRXQWRIWKH0SKDVHDWQHDUO\FRQVWDQWVWUHVV
SODWHDX/RDG UHPRYDO UHVXOWV LQD UHWUDQVIRUPDWLRQ IURP0 WR$DWD ORZHU VWUHVV OHYHO 0$DQGDQHDUO\
SHUIHFWO\ UHYHUVLEOH VWUDLQ RI DSSUR[LPDWHO\  FDQ EH REWDLQHG 7KH DUHD : )LJXUH D HQFORVHG LQ D
FRPSOHWHF\FOHKDVLWVRULJLQLQWKHVWUHVVGLIIHUHQFHEHWZHHQ $0DQG 0$K\VWHUHVLVDQGUHSUHVHQWVWKHWRWDO
PHFKDQLFDO HQHUJ\ GLVVLSDWHG LQ WKH IRUZDUG DQG UHYHUVH SVHXGRHODVWLF WUDQVIRUPDWLRQV 7KLV GLVVLSDWLYH
FDSDFLW\KDVDWWUDFWHGLQWHUHVWLQWKHILHOGRIVWUXFWXUDOHQJLQHHULQJZKHUHWKHLQWURGXFWLRQRISDVVLYHGDPSLQJ
V\VWHPVEDVHGRQWKHSVHXGRHODVWLFHIIHFWKDYHEHHQSURSRVHGIRUWKHGHVLJQRIVHLVPLFUHVLVWDQWVWUXFWXUHVIRU
D UHYLHZ VHH:LOVRQ HW DO &RPSDUHGZLWKRWKHU DOWHUQDWLYHV LQYROYLQJ K\VWHUHWLFDO GDPSLQJ IULFWLRQ
GHYLFHVFRQWUROOHGSODVWLFGHIRUPDWLRQPHPEHUVSVHXGRHODVWLFLW\RIIHUVWKHDGYDQWDJHRIWKHSURYLVLRQRID
UHFHQWHULQJDFWLRQIRUFH7KLVIRUFHLVDVVRFLDWHGWRWKHUHWUDQVIRUPDWLRQVWUHVV 0$,QWKLVZD\HYHQWXDOSRVW
VHLVPLFUHPQDQWGLVSODFHPHQWVLQDVWUXFWXUHDUHDXWRPDWLFDOO\UHFRYHUHGZLWKRXWWKHQHHGRIH[WHUQDODJHQWV
1HDU VWRLFKLRPHWULF ELQDU\1L7L 60$DUH WKHPRVW VXFFHVVIXO VKDSHPHPRU\ DOOR\V WRGD\ DQG WKH\ DUH
XVHG LQDZLGHYDULHW\RIDSSOLFDWLRQV UDQJLQJ IURPPHGLFDO WHFKQRORJ\ 'XHULJ  WRHQJLQHHULQJ 9DQ
+XPPEHFN HW DO  7KH\ FRPELQH JRRG VWUXFWXUDO DQG IXQFWLRQDO SURSHUWLHV 2WVXND HW DO  DQG
+RUQERJHQHWDO1L7LLVFRPPHUFLDOO\DYDLODEOHLQWKHIRUPRIWXEHVDQGZLUHVZLWKXOWUD QHJUDLQHG
8)* QPPLFURVWUXFWXUHVZKLFKVKRZWKHEHVWIXQFWLRQDODQGVWUXFWXUDOSHUIRUPDQFH$GHVFULSWLRQ
RI8)*1L7LZLUHVDQGPLFURVWUXFWXUHFKDUDFWHUL]DWLRQFDQEHIRXQGLQ6DZDJXFKLHWDO
)URPWKHSRLQWRIYLHZRIWKHDSSOLFDWLRQVRIWKHGDPSLQJSURSHUWLHVDVVRFLDWHGWRWKHSVHXGRHODVWLFHIIHFW
LWZRXOGEHYHU\FRQYHQLHQW WRGHYHORSDQDSSURSULDWHSUDFWLFDOPRGHORI WKHPDWHULDO EHKDYLRU WKDWFDQEH
LQFOXGHGLQWKHDQDO\VLVRIFRPSOH[VWUXFWXUHV:LWKWKLVJRDOLQPLQGLQWKHSUHVHQWZRUND'PRGHODLPHG
WRUHSUHVHQWWKHEHKDYLRURI1LULFK8)*1L7LZLUHVXSRQSVHXGRHODVWLFF\FOLQJXQGHUJHQHUDOFRQGLWLRQVZDV
GHYHORSHG7KH WKUHHPRUH VLJQLILFDQW IHDWXUHV DVVRFLDWHG WR WKHSVHXGRHODVWLFEHKDYLRU RI1L7LZLUHVZHUH
WDNHQ LQWRFRQVLGHUDWLRQ IRU LWV IRUPXODWLRQ LH WKH ORFDOL]HGFKDUDFWHURI WKH VWUHVV LQGXFHG WUDQVIRUPDWLRQ
ZKLFK LVDFFRPSDQLHGE\ WKHQXFOHDWLRQDQGSURSDJDWLRQRIDGLVFUHWHQXPEHURI WUDQVIRUPDWLRQ IURQWV WKH
WKHUPDOHIIHFWVDVVRFLDWHGZLWKWKHKHDWRIWUDQVIRUPDWLRQDQGWKH&ODXVLXV&ODSH\URQW\SHRIGHSHQGHQFHRI
FULWLFDOVWUHVVHVZLWKWHPSHUDWXUHWKHIXQFWLRQDOIDWLJXHHIIHFWVUHVXOWLQJLQWKHGHFUHDVHRIFULWLFDOVWUHVVHVDQG
WKHDFFXPXODWLRQRISHUPDQHQWGHIRUPDWLRQGXULQJF\FOLQJ
2. Background and Basic Considerations 
:LWKWKHDLPRIDGGUHVVLQJWKHDSSOLFDELOLW\RIWKHVXSHUHODVWLFHIIHFW60$EHKDYLRULVRIWHQUHSUHVHQWHG
E\VLPSOHPHFKDQLFDOPRGHOVDVWKHSUHVHQWHGLQWKHUHYLHZDUWLFOHRI:LOVRQHWDO7KH\DUHEDVHGRQD
PXOWLOLQHDUGHVFULSWLRQRIWKHH[SHULPHQWDO FXUYHVREWDLQHGIURPFRPSOHWHF\FOHV$GGLWLRQDOO\GLIIHUHQW
FULWHULDDUHDGRSWHGWRGHVFULEHLQQHUF\FOHWUDMHFWRULHV,QERWKFDVHVWKHPDWHULDOUHVSRQVHLVFRQVLGHUHGWREH
LQYDULDQW+RZHYHUH[SHULPHQWDOFKDUDFWHUL]DWLRQUHSRUWHGLQWKHOLWHUDWXUHVKRZVWKDWUHDOWUDMHFWRULHVH[KLELW
D VWURQJGHSHQGHQFHZLWKSUHYLRXVF\FOLQJKLVWRU\DQGDOVRZLWK WKHFXUUHQWF\FOLQJFRQGLWLRQV VWUDLQ UDWH
WHPSHUDWXUHKHDWWUDQVIHUWRVXUURXQGLQJVHWFDVZDVVWXGLHGE\6RXOHWDO)RUH[DPSOH)LJXUHE
VKRZVWKHHYROXWLRQRI  FXUYHVGXULQJWKHILUVWFRPSOHWHF\FOHVSHUIRUPHGLQD1L7LZLUHRIPPLQ
GLDPHWHUDQGPPLQOHQJWKXVLQJDGLVSODFHPHQWUDWHRIPPPLQ$FOHDUGHWHULRUDWLRQLQWKHGLVVLSDWLYH
FDSDFLW\FDQEHREVHUYHG7KLVLVDFRQVHTXHQFHRIWKHXQHYHQGHFUHDVHRIWKHVWUHVVHV $0DQG 0$DQGDOVR
GXH WR WKHDFFXPXODWLRQRI UHVLGXDOVWUDLQVERWKHIIHFWVFRQWULEXWLQJ WR WKHGHFUHDVHRI WKHDUHD :7KHVH
FKDQJHVGHFUHDVH QHDU DV\PSWRWLFDOO\ZLWK WKHQXPEHURI F\FOHVDQG WKH\ DUH DVVRFLDWHG WRPLFURVWUXFWXUDO
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YDULDWLRQVLQWURGXFHGLQWKHPDWHULDO'HOO9LOOHHWDOXSRQF\FOLQJ$IWHUKXQGUHGF\FOHVWKHPDWHULDO
H[KLELWDUHSURGXFLEOH EHKDYLRUDQGLWLVFRQVLGHUHGWKDWDVWDELOL]HGFRQGLWLRQKDVEHHQDWWDLQHG
,W LV LPSRUWDQW WR UHPDUN KHUH WKDW WKHSUHYLRXVREVHUYDWLRQ LV RQO\ YDOLG IRU FRQVWDQW GLVSODFHPHQW UDWH
FRQGLWLRQV 7KLV FDQ EH DSSUHFLDWHG LQ )LJXUH F ZKHUH WKH HIIHFW RI LQFUHDVLQJ GHIRUPDWLRQ UDWHV RQ WKH
PHFKDQLFDO UHVSRQVH LV LOOXVWUDWHG 7KH ILJXUH LQFOXGHV D FRPSOHWH SVHXGRHODVWLF ORRS UHSUHVHQWLQJ WKH
VWDELOL]HG FRQGLWLRQ DIWHU  F\FOHV FXUYH LQ EODFN DQG SDUWLDO F\FOHV SHUIRUPHG DW GLVSODFHPHQW UDWHV
LQFUHDVLQJIURP WRPPPLQ ,WFDQEHVHHQ WKDW WKHSDUWLDOF\FOHSHUIRUPHGDWPPPLQUHGIROORZV
XSSHU DQG ORZHU SODWHDX WUDMHFWRULHV WKDW PDWFK WKH OHYHOV REWDLQHG IRU WKH FRPSOHWH F\FOH +RZHYHU DV
GLVSODFHPHQWUDWHLVLQFUHDVHGWKHF\FOHVH[KLELWLQFUHDVLQJVKDSHGHYLDWLRQ

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)LJXUH6XSHUHODVWLFHIIHFWLQ60$VD7UDQVIRUPDWLRQVWUHVV $0UHWUDQVIRUPDWLRQVWUHVV 0$DQGK\VWHUHVLVHQHUJ\ :LQDFRPSOHWH
VXSHUHODVWLFF\FOHE&\FOHQXPEHUHIIHFWRYHU FXUYHVF'HIRUPDWLRQYHORFLW\HIIHFW
7KLVHIIHFWRIWKHVWUDLQUDWHLVLQWHUSUHWHGLQWHUPVRIWKHWHPSHUDWXUHFKDQJHVFDXVHGE\WKHODWHQWKHDWRI
WUDQVIRUPDWLRQ DVVRFLDWHG WR WKH VWUHVV LQGXFHG VROLG WR VROLG SKDVH FKDQJHV GXULQJ F\FOLQJ $ 0
H[RWKHUPLF0 $HQGRWKHUPLFDQGLQWHUPVRIWKHLQHODVWLFZRUN :GLVVLSDWHGDVKHDWWKDWFRQWULEXWHVWR
WKH LQFUHDVH RI WKHPHDQ WHPSHUDWXUH RI WKH VSHFLPHQ ,W LV NQRZQ WKDW WKH FULWLFDO VWUHVVHV $0 DQG 0$
GHSHQGRQWHPSHUDWXUHWKURXJKD&ODXVLXV&ODSH\URQW\SHUHODWLRQVKLS,QSRO\FU\VWDOOLQH8)*1L7LDOOR\VLW
LVIRXQGH[SHULPHQWDOO\DOLQHDUGHSHQGHQFHG G7 ,VDOJXHHWDO,WLVWKHUHIRUHH[SHFWHG
WKDWDKLJKHUWUDQVIRUPDWLRQUDWHZRXOGKDYHDJUHDWHULPSDFWRQWKHPHFKDQLFDOUHVSRQVH7KHUHIRUHDILUVW
VWHS LQ WKH GHYHORSPHQW RI DPRGHO DLPHG WR GHVFULEH WKH SVHXGRHODVWLF EHKDYLRU XQGHU WKHPRUH UHDOLVWLF
FRQGLWLRQVOLNHWKRVHDVVRFLDWHGZLWKDSSOLFDWLRQVLQGDPSLQJGHYLFHVVKRXOGLQFOXGHWKHSUHVHQFHRIWKHVHOI
LQGXFHG WKHUPDO HIIHFWV ,W LV DOVR QHFHVVDU\ WR WDNH LQWR FRQVLGHUDWLRQ DQ LPSRUWDQW DVSHFW UHODWHGZLWK WKH
NLQHWLFV RI WKH VWUHVV LQGXFHG WUDQVIRUPDWLRQ ,Q HIIHFW D ZLGHO\ VWXGLHG DVSHFW RI WKH VXSHUHODVWLF
WUDQVIRUPDWLRQRI8)*1L7LXQGHUXQLD[LDOFRQGLWLRQVLVWKHORFDOL]HGFKDUDFWHURIERWKIRUZDUGDQGUHYHUVH
WUDQVIRUPDWLRQ6LPLODUO\ WR WKH/GHUVEDQG W\SHRI GHIRUPDWLRQ REVHUYHG LQ ORZFDUERQ VWHHOV LQWHUIDFHV
IURQWVQXFOHDWHDQGSURSDJDWHVZHHSLQJWKHVDPSOHJDJHOHQJWKDVWKHWUDQVIRUPDWLRQDGYDQFHV,DGLFRODHWDO
7KHWZRDERYHPHQWLRQHGDVSHFWVLQGLFDWHWKDWWKHFRUUHFWIRUPXODWLRQRIDWKHUPRPHFKDQLFDOPRGHO
RI WKH SVHXGRHODVWLF EHKDYLRU ZRXOG UHTXLUH WKH FRQVLGHUDWLRQ RI WKH PRYHPHQW RI D GLVFUHWH QXPEHU RI
LQWHUIDFHVWUDQVIRUPDWLRQIURQWV7KHVHLQWHUIDFHVDUHFRQVLGHUHGDVPRYLQJKHDWVRXUFHV7KHWHPSHUDWXUHDW
WKHVHORFDOSRLQWVLVGHWHUPLQHGE\WKHWKHUPDOSUREOHPZKLFKLQFOXGHVWKHODWHQWKHDWRIWUDQVIRUPDWLRQWKH
GLVVLSDWHGZRUNDQGWKHIURQWYHORFLW\LQWHQVLW\RIWKHKHDWVRXUFH WKHKHDWFRQGXFWLRQDORQJWKHZLUHDQG
WKHKHDWWUDQVIHUWRWKHVXUURXQGLQJPHGLD7KHHYDOXDWLRQRIWKHORFDOWHPSHUDWXUHDWWKHWUDQVIRUPDWLRQIURQWV
DOORZVXV LQ WXUQ WRHYDOXDWH WKHFRUUHVSRQGLQJFULWLFDO VWUHVVHV IRU WUDQVIRUPDWLRQRU UHWUDQVIRUPDWLRQ $0
DQG 0$ UHVSHFWLYHO\ 7KHLU FRPSDULVRQ ZLWK WKH DSSOLHG VWUHVV ZLOO GLFWDWH LQ SULQFLSOH ZKHWKHU WKH
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WUDQVIRUPDWLRQIURQWDGYDQFHVRUQRW ,QWKHILUVWSXEOLVKHGYHUVLRQRIWKHPRGHO6RXOHWDOWKHUPDO
HIIHFWVZHUHVWXGLHGDVVXPLQJWKHSUHH[LVWHQFHRIWZRLQWHUIDFHVPRYLQJV\PPHWULFDOO\ZKRVHYHORFLW\ZDV
LPSRVHGDVD UHVXOWRIDQDSSOLHGVWUDLQ UDWH)XUWKHUGHYHORSPHQW LQFOXGHGDFULWHULRQIRU WKHQXFOHDWLRQRI
QHZWUDQVIRUPDWLRQGRPDLQV,QWKLVZD\WKHQXPEHURILQWHUIDFHVDQGWKHLUYHORFLWLHVFRXOGEHGHULYHGIURP
WKHVXFFHVVLYHWKHUPRPHFKDQLFDOVWDWHVZLWKRXWWKHQHHGRILPSRVLQJDQ\UHVWULFWLRQRQWKHLUSRVLWLRQV$WWKLV
VWDJH WKH PRGHO LV DSSOLFDEOH WR VLWXDWLRQV ZKHUH WKH PDWHULDO KDV EHHQ SUHYLRXVO\ WUDLQHG WR REWDLQ WKH
VWDELOL]HGFRQGLWLRQUHSUHVHQWHG LQ)LJXUHF+RZHYHU WKHSRVVLELOLW\RIXVLQJ WKHPDWHULDO IURPWKH LQLWLDO
VWDWHZRXOGUHSUHVHQWDVLJQLILFDQWDGYDQWDJHDQGWKHGHYHORSPHQWRIDPRGHOLQJWRROFDSDEOHRIGHVFULELQJ
WKH PHFKDQLFDO UHVSRQVH LQFOXGLQJ IXQFWLRQDO IDWLJXH ZRXOG EH KLJKO\ GHVLUDEOH DQG WKLV LV SUHFLVHO\ WKH
REMHFWLYHRIWKHSUHVHQWZRUN
7KHSURSRVHGPRGHOZDV LPSOHPHQWHGQXPHULFDOO\ LQ0$7/$% VLPXODWLRQV XQGHUGLIIHUHQW FRQGLWLRQV
ZHUHSHUIRUPHGDQG WKH UHVXOWV FRPSDUHGZLWK WKH FRUUHVSRQGLQJ H[SHULPHQWV7KH FRPELQHG HIIHFW RI WKH
QXPEHURIF\FOHV KHDW WUDQVIHU WR WKH DPELHQWDQGVWUDLQ UDWHZDV VWXGLHG ,QDGGLWLRQ WKHHIIHFWRISDUWLDO
F\FOLQJUHVXOWLQJLQLQKRPRJHQHRXVHYROXWLRQVRIWKHPLFURVWUXFWXUHRQWKH UHVSRQVHZDVDQDO\]HG
3. Model Description 
,Q WKLV VHFWLRQ VSHFLILF DVSHFWV DQG WKH QXPHULFDO LPSOHPHQWDWLRQ RI WKH PRGHO DUH GHVFULEHG $
VXSHUHODVWLF XQLGLPHQVLRQDO VSHFLPHQ ZKRVH PHFKDQLFDO EHKDYLRU LV UHSUHVHQWHG LQ )LJXUH  LV DVVXPHG
8QLD[LDOVWHVV XQLD[LDOVWUDLQ DQGPDUWHQVLWHSKDVHYROXPHIUDFWLRQ=DUHUHODWHGE\HT7KHHIIHFWLYH
HODVWLFLW\PRGXOXVLVHYDOXDWHGDVDIXQFWLRQRIWKHYROXPHIUDFWLRQ=LQWHUPVRIWKHHODVWLFPRGXOXVRIWKH
LQGLYLGXDOSKDVHV($DQG(0DVVXPLQJWKDWWKH$DQG0HOHPHQWVDUHFRQQHFWHGLQVHULHVHT
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UHSUHVHQWHGE\HTWKHWHPSHUDWXUHLQHDFKYROXPHHOHPHQWLVXSGDWHG(TUHSUHVHQWVWKHEDODQFHEHWZHHQ
WKHKHDWDVVRFLDWHGWRWKHWUDQVIRUPDWLRQDQGWKHKHDWIORZE\FRQGXFWLRQDORQJWKHPDWHULDORUFRQYHFWLRQWR
VXUURXQGLQJVDQGLWZDVGHULYHGHOVHZKHUHHJ,DGLFRODHWDO

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0DWHULDOSURSHUWLHV LQFOXGHGLQHTZKLFKDUHDVVXPHGWRKDYHWKHVDPHYDOXHIRUERWKSKDVHVDUHWKH
KHDW FRQGXFWLYLW\ N GHQVLW\  VSHFLILF KHDW&HDQG ODWHQW KHDW RI WUDQVIRUPDWLRQ/+HDW GLVVLSDWLRQ WR WKH
VXUURXQGLQJVDWWHPSHUDWXUH7DPELVPRGHOHGZLWKDILOPFRHIILFLHQWK6XELQGH[LLVXVHGIRUILQLWHYROXPHV
DQG XSSHU LQGH[P LGHQWLI\ WKH WLPH LQVWDQW FRQVLGHUHG ,W LV DVVXPHG WKDW ERXQGDULHV DUH NHSW DW FRQVWDQW
WHPSHUDWXUH7DPE:KHQIURPWKHPHFKDQLFDOVWHSD =LVFRPSXWHGWKHFKDQJHLQORFDOSKDVHSRUWLRQIFDQEH
GLIIHUHQW IURP ]HUR RQO\ LQ WKRVH YROXPHV ZKHUH WKHUH H[LVWV DQ LQWHUIDFH 2QFH 7[ LV FRPSXWHG WKH
WUDQVIRUPDWLRQVWUHVVHV $0DQG 0$DUHXSGDWHGDFFRUGLQJWR

H[S L0$UHILFFUHI0$0$ IWRW77  

H[S L$0UHILFFUHI$0$0 IWRW77  

$0UHI\ 0$UHIDUHUHIHUHQFHVWUHVVHVDQGFRUUHVSRQGWRWKH VWUHVVYDOXHVWKDWZRXOGEHPHDVXUHG LQYHU\
VORZ WHVWV LVRWKHUPDO FRQGLWLRQV LQ D SUHYLRXVO\ VWDELOL]HG PDWHULDO 7KH VHFRQG FRQWULEXWLRQ UHIOHFWV WKH
OLQHDUGHSHQGHQFHEHWZHHQ WHPSHUDWXUHVDQG WUDQVIRUPDWLRQVWUHVVHV FF 03D.7KH WHPSHUDWXUH7L
FRUUHVSRQGVWRWKHWHPSHUDWXUHDWWKHYROXPHHOHPHQWFRQWDLQLQJWKHPRYLQJLQWHUIDFH7KHWKLUGWHUPKDVWR
GRZLWK WKH HIIHFW RI WKH QXPEHU RI F\FOHV ,W LV HYDOXDWHG DV D GLIIHUHQFH EHWZHHQ WKH VWUHVV WKDWPXVW EH
RYHUFRPH E\ DQ LQWHUIDFH ZKHQ LW SDVVHV WKURXJK D SRVLWLRQ ZKLFK KDV QRW EHHQ UHDFKHG WKH VWDELOL]HG
FRQGLWLRQDQGWKHVWDELOL]HGLVRWKHUPDOWUDQVIRUPDWLRQYDOXHV $0UHIIRUIRUZDUGWUDQVIRUPDWLRQDQG 0$UHIIRU
UHYHUVHWUDQVIRUPDWLRQ  $0DQG 0$FRUUHVSRQGWRWKHLQLWLDOVWUHVVGLIIHUHQFHVIRUWUDQVIRUPDWLRQDQG
UHWUDQVIRUPDWLRQUHVSHFWLYHO\$FFRUGLQJWRWKHGHVFULSWLRQRI)LJXUHELWLVDVVXPHGWKDWWKHVHGLIIHUHQFHV
GHFUHDVH DV\PSWRWLFDOO\ 7KH QXPEHU RI F\FOHV VXVWDLQHG ORFDOO\ E\ HDFK YROXPH HOHPHQW LV FRPSXWHG E\
FRXQWLQJ WKH LQWHUIDFHSDVVDJHVZLWK WKHYDULDEOH IWRWL$QRWKHU DVSHFW WKDW LV FRQVLGHUHG LQ WKHPRGHO LV WKH
SHUPDQHQW VWUDLQ DFFXPXODWLRQZKLFK LV DOVR DVVXPHG WR HYROYH DV\PSWRWLFDOO\ZLWK IWRWL ,W LV HYDOXDWHGE\
DGGLQJWKHFRQWULEXWLRQRIWKHLQGLYLGXDOYROXPHHOHPHQWVE\

H[SPD[ LSSL IWRW  

9DOXHVRI $0UHI 0$UHI $0 0$ SPD[DQGWKHFRQVWDQWVLQDQGDUHREWDLQHGIURPYHU\
ORZVWUDLQUDWHWHVWV,QJHQHUDOPRUHWKDQRQHLQWHUIDFHH[LVWV,QWKDWFDVHHTDQGDUHFDOFXODWHGIRU
DOORIWKHPEHLQJWKHORZHVW $0DQGWKHKLJKHVW 0$WKHVHOHFWHGRQHVIRUWKHQH[WPHFKDQLFDOVWHS
,QRUGHUWRWDNHLQWRDFFRXQWWKHSRVVLELOLW\RIQXFOHDWLRQRIQHZLQWHUIDFHVLWLVDVVXPHGWKDWDQHZGRPDLQ
RI0LQ$UHTXLUHVDQRYHUVWUHVV QXF 03DH[SHULPHQWDOUHVXOWUHSRUWHGLQ6RXOEHWDODERYHWKH
SURSDJDWLQJVWUHVV $0IRUWKHQXFOHDWLRQRISKDVH$LQ0WKHRYHUVWUHVVLVQHJDWLYH7KHQLILQDQ\SRVLWLRQ
WKHQXFOHDWLRQ VWUHVV LV ORZHU WKDQ WKH FDOFXODWHG $0 D0 GRPDLQ OLPLWHGE\ WZR LQWHUIDFHVZLOO QXFOHDWH
WKHUH )RU H[DPSOH LI WKH WHPSHUDWXUH GLIIHUHQFH EHWZHHQ WKH LQWHUIDFH VHOHFWHG DV WKHPRYLQJ RQH DQG D
FROGHUSRLQWZLWKWKHVDPHYDOXHRIIWRWWKHVDPHQXPEHURIF\FOHVLVKLJKHUWKDQ.WKHUHH[LVWVIDYRUDEOH
FRQGLWLRQVIRUWKHQXFOHDWLRQRIDQHZGRPDLQUDWKHUWKDQIRUWKHSURSDJDWLRQRIRQHRIWKHH[LVWLQJLQWHUIDFHV
EHFDXVHDORZHUVWUHVVLVQHHGHGIRUWKDW7KHQXFOHDWLRQRIDQ$GRPDLQLQ0 LVH[SODLQHGDQDORJRXVO\,Q
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WKLV ZD\ WKH PHFKDQLFDO EHKDYLRU D SURFHGXUH IRU WHPSHUDWXUH HYDOXDWLRQ NLQHWLFV UXOHV IRU LQWHUIDFHV
QXFOHDWLRQDQGSURSDJDWLRQDQGWKHWUDQVIRUPDWLRQDOVWUHVVHVGHILQLWLRQZHUHGHILQHG$VLQLWLDOFRQGLWLRQLWLV
DVVXPHGWKHSUHH[LVWHQFHRIRQHLQWHUIDFHLQRQHRIWKHERXQGDULHV7KHQXPHULFDOLPSOHPHQWDWLRQFRQVLVWVLQ
WKHDOWHUQDWHGVXFFHVVLRQRIWKHVHVWHSVEHLQJWKHLQSXWGDWDRIHDFKRQHGHILQHGE\WKHSULRUVWHSRXWSXW
4. Results and discussion 
7KHPRGHO LPSOHPHQWDWLRQZDVPDGH WKURXJKD0$7/$%URXWLQH6HULHVRIF\FOLQJZLWK1L7LZLUHVRI
GLDP  PP IRU ZKLFK H[SHULPHQWDO LQIRUPDWLRQ ZDV DYDLODEOH ZHUH VLPXODWHG 7KH VSHFLPHQ ZDV
GLVFUHWL]HGLQILQLWHVYROXPHVRUQRGHVDQGWKHIROORZLQJ1L7LSURSHUWLHVZHUHDVVXPHGN :P.
 .JP&H -NJÂ./ 0-P+HDWWUDQVIHUWRVXUURXQGLQJVFRUUHVSRQGLQJWRVWLOODLUZDV
PRGHOHGZLWK D ILOP FRHIILFLHQW K   :P.  )LUVWO\ D VWDELOL]DWLRQ F\FOLQJZDV VLPXODWHG IRU D ZLUH
PPOHQJWKZLWKVWUDLQDPSOLWXGHRIDQGDQH[WHQVLRQYHORFLW\RIPPPLQ7KHREWDLQHG FXUYHV
DUHVKRZHGLQ)LJXUHD,Q)LJXUHEWKHILUVWDQGODVWF\FOHVDUHFRPSDUHGZLWKWKHH[SHULPHQWDORQHVDQG
LQ )LJXUH F WKH DV\PSWRWLF HYROXWLRQ RI WKH K\VWHUHVLV HQHUJ\ QRUPDOL]HG ZLWK WKH VDPSOH YROXPH DV D
IXQFWLRQRI WKHF\FOHQXPEHU LVDOVRFRPSDUHG1H[W D VWDELOL]DWLRQF\FOLQJDWYHORFLW\RI PPPLQZDV
VLPXODWHG

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)LJXUH6WDELOL]DWLRQF\FOLQJDWPPPLQLQDPPOHQJWKZLUHD FXUYHVRIWKHILUVWF\FOHVE&RPSDULVRQVZLWK
H[SHULPHQWDOFXUYHVRIWKHILUVWDQGODVWF\FOHVF$V\PSWRWLFHYROXWLRQRIWKHK\VWHUHVLVHQHUJ\GXULQJF\FOLQJ
,Q)LJXUHDFRPSDULVRQVRIF\FOHVDQGDUHLQFOXGHGZKLOHLQ)LJXUHVEDQGFWKHHYROXWLRQRI
WKH QRUPDOL]HG K\VWHUHVLV HQHUJ\ DQG SHUPDQHQW VWUDLQ DUH DOVR FRPSDUHG ZLWK WKHLU H[SHULPHQWDO
FRXQWHUSDUWV 6WUHVV MXPSV LQ WKH ILUVWV F\FOHV DUH REVHUYHG LQ UHDO DQG VLPXODWHG FXUYHV 7KH\ UHIOHFW WKH
QXFOHDWLRQRIQHZLQWHUIDFHVWKDWKDYHWRSURSDJDWHDWDORZHUVWUHVV
1XPHULFDO UHVXOWV VKRZV XS WR KHUH WKDW WKH PRGHO LV DEOH WR UHSURGXFH WKH VXSHUHODVWLF EHKDYLRU
UHDVRQDEO\,WLVLPSRUWDQWWRUHPDUNWKDWLQVRIDUFRQFHUQHGZLWKFRPSOHWHF\FOHVWKHHIIHFWRIWKHQXPEHURI
F\FOHVDIIHFWVWRWKHZKROHZLUHKRPRJHQHRXVO\UHJDUGOHVVRIKRZPDQ\LQWHUIDFHVFRXOGEHQXFOHDWHGGXULQJ
WKHF\FOLQJ,QWKHIROORZLQJLWZDVVWXGLHGKRZ FXUYHVDUHDIIHFWHGZKHQWKHSUHYLRXVKLVWRU\LQFOXGHV
SDUWLDOF\FOHV7KHVLPXODWHGF\FOLQJUHSUHVHQWHGLQ)LJXUHDIRUDZLUHRIOHQJWKPPLVFRPSRVHGE\
HLJKWVWDJHVRISURJUHVVLYHVWUDLQDPSOLWXGHXS WRDXVLQJIUHTXHQFLHVRIDQG +]VSDFHGE\
VORZF\FOHVDW+]7KHILOPFRHIILFLHQWZDV IL[HG LQ :P. LQRUGHU WRPRGHO IRUFHGFRQYHFWLRQ
ZLWK DLU SURSHOOHG E\ D IDQ DW  PV )LJXUHV E DQG F LQFOXGH VLPXODWHG DQG H[SHULPHQWDO  FXUYHV
UHVSHFWLYHO\ 8QOLNH QXPHULFDO F\FOHV LQ WKH UHDO RQHV LW LV QRW GHYHORSHG D ZHOO GHILQHG WUDQVIRUPDWLRQ
SODWHDX DQG FXUYHV DUH GRPLQDWHG E\ URXQGHG WUDQVLWLRQV EHWZHHQ HODVWLF DQG WUDQVIRUPDWLRQDO VHJPHQWV
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%HVLGHV WKLV WKHQXPHULFDO UHVXOWV FDQ UHSURGXFH WKHHIIHFWRI WKHQXPEHURIF\FOHVDV WKHHYROXWLRQRI WKH
VWUHVVHVLQWKHLQFUHDVHGVWUDLQUDQJHRIHDFKVWDJH)RUDEHWWHUDSSUHFLDWLRQWKHILUVWDQGODVWF\FOHVRIWKHWK
VWDJHZHUHPDUNHGZLWKUHGDQGEOXHUHVSHFWLYHO\
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)LJXUH6WDELOL]DWLRQF\FOLQJDWPPPLQLQDPPOHQJWKZLUHD&RPSDULVRQZLWKH[SHULPHQWDOFXUYHVRIILUVWDQGODVWF\FOHV
E$V\PSWRWLFHYROXWLRQRIWKHK\VWHUHVLVHQHUJ\ZLWKWKHF\FOHQXPEHUF(YROXWLRQRIWKHUHVLGXDOVWUDLQ
1H[WDFRPSOHWHF\FOHVWUDLQZDVVLPXODWHGXVLQJDFRQVWDQWH[WHQVLRQYHORFLW\RIPPPLQPXFK
ORZHUWKDQWKHPHDQYHORFLWLHVRIWKHSUHYLRXVVWDJHV)LQDOO\F\FOHVZLWKRIPD[LPXPVWUDLQZHUH
VLPXODWHG WRWDOL]LQJ  F\FOHV 7KHVH UHVXOWV DUH LOOXVWUDWHG LQ )LJXUH D ZLWK WKH ODVW F\FOHV RI HDFK
DPSOLWXGHVWDJHLQEODFN7KHFRPSOHWHF\FOHFXUYHLQEOXHUHJLVWHUVDGHFUHPHQWLQWKHVWUHVVSODWHDXLQWKH
GHIRUPDWLRQUDQJHRIWKHSUHYLRXVVWDJHV7KLVFKDUDFWHULVWLFLVREVHUYHGH[SHULPHQWDOO\DV)LJXUHEVKRZV
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)LJXUH3URJUHVVLYHDPSOLWXGHF\FOLQJIRUDPPOHQJWKZLUHD&\FOLQJSURJUDPE6LPXODWHG FXUYHVF([SHULPHQWDO
UHVXOWV
7KHQGXULQJWKHILQDOWZRKXQGUHGF\FOHVWKHPD[LPXPUHDFKHGVWUHVVHVDUHUHODWHGWRWKHHYROYHGVHFWLRQ
RIWKHSODWHDX7KHVHUHVXOWVLQGLFDWHWKDWWKHLQWHUIDFHPRYHPHQWLVFRQILQHGWRYROXPHVZKLFKVL]HLQFUHDVHV
RQO\ ZKHQ WKH PD[LPXP VWUDLQ LV RYHUFRPH $V D FRQVHTXHQFH WKH PDWHULDO VXIIHUV VXSHUHODVWLF IDWLJXH
GDPDJLQJ LQ WKRVHYROXPHV7KLV LV YHULILHG LQ)LJXUHFZKHUH WKH IWRWYDULDEOHSURILOHVZHUH LQFOXGHG IRU
VHYHUDO LQVWDQWV$IWHU ILYHKXQGUHGF\FOHVZKHQ WKHSURJUHVVLYHDPSOLWXGHV VWDJHV ILQLVK WKHSURILOH KDVD
V\PPHWULF DQG VWHSSHG DVSHFW 7KH FHQWUDO PP VHJPHQW GLG QRW UHJLVWHU DQ\ LQWHUIDFH SDVVDJH DQG WKH
PDWHULDO NHHSV LWV LQLWLDO VWDWH7KHQ LQ F\FOHVZLWK ORZHUPD[LPXPVWUDLQV LQWHUIDFHVPRYHPHQWGRHVQRW
SHQHWUDWHVWKHUHDQG IWRWRQO\HYROYHVLQWKHSUHYLRXVO\DIIHFWHGGRPDLQVEHLQJWKHIDWLJXHGDPDJH ORFDOL]HG
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WKHUH7KLVGDPDJHORFDOL]DWLRQFRXOGEHGLVWULEXWHGKRPRJHQHRXVO\LIWKHQXFOHDWHGLQWHUIDFHVGXULQJLQLWLDO
F\FOLQJZRXOGEHVSUHDGXQLIRUPO\DORQJWKHZLUHE\DYRLGLQJSDUWLDOF\FOHVGXULQJWKHVWDELOL]DWLRQ

0.00 0.02 0.04 0.06 0.08
0
100
200
300
400
500
600
a
St
re
ss
 [M
Pa
]
Strain [-]
 Complete Cycle at 1 mm/min
 Subsequent Fatigue a 0.25 Hz
0.00 0.02 0.04 0.06 0.08
0
100
200
300
400
500
600
b
S
tr
es
s 
[M
Pa
]
Strain [-]
0 20 40 60 80 100
0
100
200
300
400
500
600 c
 Cycle 200
 Cycle 400
 Cycle 500
 Cycle 700ft
ot
Position [mm] 
)LJXUH(IIHFWRIWKHSURJUHVVLYHDPSOLWXGHVF\FOLQJRQ FXUYHVREWDLQHGVXEVHTXHQWO\D6LPXODWLRQVUHVXOWVE([SHULPHQWDO
UHVXOWVIURPDVLPLODUF\FOLQJFIWRWSURILOHVDWVHYHUDOLQVWDQWVRIWKHVLPXODWHGF\FOLQJ
5. Conclusions 
7KHGHYHORSHGPRGHO LVDEOHWRUHSURGXFH WKHVXSHUHODVWLFEHKDYLRU LQ LWVPDLQFKDUDFWHULVWLFVXQGHU WKH
GLIIHUHQW VLPXODWHG F\FOLQJ FRQGLWLRQV ,Q WXUQ LW DOORZV XV WR H[SODLQ WKDW WKH F\FOLQJ HIIHFWV REVHUYHG LQ
H[SHULPHQWVFDQEHUHODWHGZLWKWKHORFDOL]HGQDWXUHRIWKHWUDQVIRUPDWLRQ7KLVFRQVWLWXWHVDQDGYDQFHLQWKH
FRQVWUXFWLRQRIDQXPHULFDOWRROWREHXVHGIRUHYDOXDWLRQRI1L7LEDVHGGDPSLQJV\VWHPV2QWKHRWKHUKDQG
WKHSRVVLELOLW\WRDFFRXQWIRUWKHQXFOHDWLRQDQGPRYHPHQWRILQWHUIDFHVDOORZVXVWRWUDFNWKHWUDQVIRUPDWLRQ
GRPDLQVDQGLQWKLVZD\WRDGGUHVVWKHGDPDJHDQGSURSHUWLHVFKDQJHORFDOL]DWLRQDVVRFLDWHGWRIDWLJXH
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